Abstract Acoustic tags were used to examine the spatial and temporal distribution of southern bluefin tuna (SBT) in southern Western Australia, which is in a region where fishery-independent acoustic surveys of the recruitment abundance index of SBT have been historically undertaken. We investigated patterns of SBT distribution within and inshore of the acoustic survey area during three summer seasons. Annual differences in distribution patterns were characterized by two distinctive migration pathways. An inshore-migrating pathway was observed in two seasons
Introduction
Southern bluefin tuna Thunnus maccoyii (SBT) spawn in the northeast Indian Ocean from August to May [1] . Young-of-the-year migrate down the shelf of the western coast of Australia and are found as age-1 SBT in southern Western Australia. A fishery-independent survey, which has become a necessity in many regions [2] for assessing the stock abundance of commercially important fish, has been applied to determine the relative abundance of 1-yearold SBT and is referred to as an acoustic recruitmentmonitoring survey (ARS). The survey is a line transect survey using a consistent protocol by means of omniscanning sonar; it has been undertaken since the 1995/1996 season under the Japan-Australia Southern Bluefin Tuna Recruitment Monitoring Program (T. Itoh and S. Tsuji, unpublished data, 2004). The ARS has been conducted in a specified area between Albany and Esperance, in southern Western Australia, where the width of the continental shelf becomes narrow, because it was assumed that most 1-yearold (and 2-year-old) SBT pass through and along the southern western coast of Australia during the summer [3] . The observed biomass is then used to determine the recruitment indices of age-1 SBT (T. Itoh and S. Tsuji, unpublished data, 2002) .
A common assumption is that the movement pattern of SBT passing through the ARS area does not change over time when the recruitment survey is conducted, so that changes in the recruitment index can be interpreted as a variation in the characteristics of the same fish group, rather than changes brought by movement of different populations through the ARS area. Such assumptions may be flawed. The reliability of these survey indices may depend on the changes caused by spatial and temporal distribution of SBT. A recent study suggests an interannual difference in the spatial and temporal distribution [4] . Thus, there is need to examine what causes declines in indices relative to the spatial and temporal distribution (especially the timing of the departure from the ARS area, migratory pathways, and residence times in and out of the ARS area) of summer-resident 1-year SBT in coastal waters of southern Western Australia [3] .
The study of finer localized migration patterns, such as those in coastal waters (and around small seamounts) or over the continental shelf, requires techniques capable of a much finer (about 1 km) spatial resolution. Recent advances in acoustic tagging technology have made available low-cost, submersible receivers that can automatically detect and identify passing fish, such as cod and tuna [4] [5] [6] [7] . The use of acoustic tracking systems has provided valuable insight into migration pathways [6] , residence time on small and large seamounts [8, 9] and habitat usage [10] .
Some applications using acoustic tracking data have examined migration patterns of individual animals [4, 6, 11] . These studies typically look for individuals that pass a specific point or through a line of receivers to define migration metrics. These data are then used to calculate the rate of progression through the area and also to examine swimming speed based on movement past known points. Similar SBT cross-shelf distributions and habitat utilization in southern Western Australia have been described in previous papers [3, 4] . However, these studies did not explicitly address movement patterns and differences in residence time.
Here, we determined the annual fluctuation of distribution and movement patterns of age-1 SBT out of and within the ARS area using behavioral data obtained during the The main objective of our study was to identify annual fluctuations in fish distribution and aggregation as a function of temporal variation in a specific habitat and to discuss the design of ARS in relation to the summer migration of juvenile SBT population over the three seasons.
Materials and methods

Acoustic receivers
Seventy VR2 acoustic receivers (Vemco, Halifax, Canada) were deployed inshore of and within the ARS area in southern Western Australia (Fig. 1a, b) . Each receiver was fastened to a vertical wire cable on a mooring anchor (125 kg section of railway track). Listening stations with a receiver consisted of time-scheduled electronic releaser, 50 m of release rope in a PVC canister, and four/five floats. When deployed, the receivers were set to a depth of 20-25 m, just below the subsurface floats in waters up to 150 m deep [3] . Listening stations were deployed in three cross-shelf lines running from the coast to the edge of the continental shelf at each location [ Fig. 1a 
Acoustic transmitters
The transmitters used to tag SBT were V8, V9, and V16 coded pingers (Vemco). Each pinger transmits a unique pinging sequence at a frequency of 69 kHz, which is repeated after a random delay of between 20 and 60 s. Battery life is rated at 365 (V8/V9) and 700 (V16) days. Receivers were separated by approximately 1,500 m. This spacing decision was based on a desire to cover the width of the shelf; a tag detection range of up to 450 m (V8) and 800 m (V16) was expected based on detection experiments (Hobday et al. unpublished data, 2005) .
The same protocol used for the capture and selection of SBT for conventional tagging was followed for the acoustic tagging [3, 4] . Briefly, fish were caught by polling or trolling at the stern of the vessel (F/V Quadrant) and immediately placed in a tagging cradle. Caudal fork length (FL) was measured to the nearest centimeter. For acoustic transmitters, a 1-1.5 cm horizontal incision was made about 0.5-1 cm off the midline and anterior to the vent by about 2-3 cm. The body wall was penetrated until the membranes of the peritoneum were observed. The membrane was then torn by a gloved finger, and a space in the visceral cavity (where the transmitter would be inserted) was carefully wedged out to help ensure no damage occurred to internal organs. The incisions were closed with one (or two) sutures. The entire implantation procedure generally took less than 2 min. Fish were also tagged with conventional plastic dart tags placed between the pterygiophores adjacent to the insertion of the second dorsal fin. All fish were tagged by a single experienced operator. Table 1 .
Analyses
The site fidelity of tagged fish among seasons was determined by examining the time series of acoustic detections using data from each listening station. Two areas are relevant for estimating movement patterns relative to the detection coverage of the acoustic receiver array: (1) an area within the ARS area and (2) an area out of the ARS area (Fig. 1b) . The area within the ARS area was 4,215.5 km 2 (54% of total detection area) and out of the ARS area was 3,613.8 km 2 (46%). To compare the spatial usage and migratory direction of tagged SBT between the regions in and out of the ARS area, SBT occupancy in each area was determined using acoustic detection data. We calculated the proportion of time spent in and out of the ARS area based on movement time (days) between two receivers that detected the fish. In other words, the time ratio indicated the time completing movements in and out of the ARS area. Time, distance, and speed (rate of movement) were calculated for each movement recorded between pairs of receivers [6] . Time was calculated as the period between the last detection at one receiver and the first detection at the next receiver. Distance was measured between the positions of the two relevant receivers.
Residence times for SBT were based on survival analyses conducted with the Kaplan-Meier method. The residence time was defined as the duration in which a tagged fish stayed within detection range of all receivers [13] . We used the Breslow-Gehan-Wilcoxon test to determine differences in the data, since the hazard functions of the dataset were not parallel, which is a requirement of the logrank test [14] . The statistical analysis was performed using the statistical software package StatView 5.0 (SAS Institute, Cary, NC, USA), and a p value less than 0.05 indicated statistical significance.
Results
Detections and movement
A total of 60 (86%), 58 (83%), and 62 (89%) receivers were retrieved each year and provided sufficient spatial coverage to determine SBT movement between receivers. The total number of tagged SBT detected at the receivers was 55 ( (Fig. 2) .
Residence patterns
While the tagged SBT were detected at cross-shelf lines and lump receivers in all three research seasons, differences in spatial distribution patterns and residence time for tagged fish were found between years. In the 2004/2005 season, tagged SBT were present mostly at the lumps every day during the research period, and 91.3% of all detections (n = 27,855) were recorded by the receivers deployed at the lumps, although a small number were recorded at the cross-shelf lines (Fig. 3a) . In the 2005/2006 season, tagged SBT were widely distributed across the cross-shelf lines, and there were few fish detected at the lumps. The total number of detections was 5,214, of which 93% occurred at cross-shelf lines (Fig. 3b) pathways. The proportion of inshore-migrating SBT that were detected declined progressively with time in the early months of each summer (Dec-Feb); in contrast, shelfmigrating SBT remained on the shelf over a longer period (Dec-Apr) then decreased sharply until about 50% remained in the area. Thereafter, SBT left the survey area at a much slower rate. Therefore, it is evident that there are major interannual spatial (i.e., migration pathways), and temporal (i.e., residence times) variations in juvenile SBT residence. These spatial and temporal differences may contribute to the observed interannual fluctuations in the recruitment abundance indices, given that ARS are conducted in the same survey area every year.
To monitor the annual recruitment index of age-1 SBT, ARS has been conducted for several summer seasons (1996/1997-2004/2005 ). The two different patterns of migration observed in this study could be caused by the water masses of different oceanographic features [4] . Fujioka et al. [4] showed that the 2004/2005 and 2006/2007 seasons were characterized by a lack of nutrient-rich sub-Antarctic water on the shelf; in contrast, during the 2005/2006 season, the sub-Antarctic water mass intruded from the continental slope into the subsurface layers and had higher surface chlorophyll a concentrations. Therefore, during such a season, tagged fish may respond to temporally varying sub-Antarctic water influx, which produces upwelling that in turn would lead to increased abundance of their teleost prey such as sardine and anchovy [15, 16] .
While large Japanese research vessels (36 m, 315 ton) conducting acoustic surveys have used high performance omni-scan sonar to detect SBT schools in the ARS area, it would be too dangerous for such large vessels to conduct acoustic surveys in the inshore region, as these coastal waters include unsurveyed topographic features. An alternative method to estimate SBT recruitment indices This study showed that one cause of interannual fluctuations in abundance estimates could be variation in temporal and spatial distribution patterns. It is important to note that the recruitment abundance indices may be underestimated during inshore-migration seasons. In order to minimize the interannual bias, we propose that a trolling-based recruitment survey should also be carried out at coastal topographic features and that catch information from both across the shelf and the topographic features be combined into an abundance index. The abundance estimates may also be affected by the peak time of migration through the survey area. In order to correct for variation in the timing of peak population migration across the piston line survey area, the underlying mechanism for the temporal and spatial movement patterns displayed by migratory SBT, perhaps related to oceanographic conditions, must be further investigated.
